We analyze the decay B → φK within the framework of QCD-improved factorization. We found that although the twist-3 kaon distribution amplitude dominates the spectator interactions, it will suppress the decay rates slightly. The weak annihilation diagrams induced by (V −A)(V +A) penguin operators, which are formally power-suppressed by order (Λ QCD /m b ) 2 , are chirally and in particular logarithmically enhanced. Therefore, these annihilation contributions are not subject to helicity suppression and can be sizable. The predicted branching ratio of B → φK is of order (0.7 ∼ 1.1) × 10 −5 if the phase of the annihilation amplitude lies in the range 45 • < θ < 90 • . The corresponding absolute ratio of annihilation to penguin amplitudes is about 0.4 ∼ 0.5 .
I. INTRODUCTION
Previously CLEO has put an upper limit on the decay mode B → φK [1] :
B(B ± → φK ± ) < 5.9 × 10 −6 .
(1.1)
However, both CLEO [2] and BELLE [3] have recently reported the preliminary results: Hence, both CLEO and BELLE numbers for branching ratios are above the previous CLEO upper limit. Note that the CLEO and BELLE central values do not agree with each other, though they are consistent within 2σ. It is known that the neutral mode B 0 → φK 0 is a pure penguin process, while the charged mode φK − receives an additional (though very small) contribution from the tree diagram. The predicted branching ratio is very sensitive to the nonfactorizable effects which are sometimes parameterized in terms of the effective number of colors N eff c ; it falls into a broad range (13 ∼ 0.4) × 10 −6 for N eff c = 2 ∼ ∞ [4] . Therefore, a theory calculation of the nonfactorizable corrections is urgently needed in order to have a reliable prediction which can be used to compare with experiment.
A calculation of B → φK within the framework of QCD-improved factorization has been recently carried out in [5] . However, the analysis of [5] is limited to the leading order in 1/m b and hence the potentially important annihilation contributions which are power-suppressed in the heavy quark limit are not included.
In the present paper we will analyze the decay B → φK within the framework of QCDimproved factorization. We will study the important twist-3 effects on spectator interactions and also focus on the annihilation diagrams which are customarily assumed to be negligible based on the helicity suppression argument. However, weak annihilations induced by the (S − P )(S + P ) penguin operators are no longer subject to helicity suppression and hence can be sizable. This is indeed we found in this work.
II. GENERALIZED FACTORIZATION
The effective Hamiltonian relevant for B → φK has the form
where
being the QCD penguin operators, O 7 -O 10 the electroweak penguin operators, and O g the chromomagnetic dipole operator. In the generalized factorization approach for hadronic weak decays, the decay amplitudes of B → φK read (in units of
3)
where the factorized terms (for the definition of form factors, see [8] ) and the decay constants f φ and f B , and the nonfactorized contributions parametrized in terms of χ i are lumped into the effective number of colors N eff c : 5) so that the effective parameters a i appearing in Eq. (2.3) read
It is known that the parameters a 3 and a 5 depend strongly on N eff c , while a 4 is N eff c -stable (see, for example, [6, 7] ). Therefore, the prediction of B → φK rates is sensitive to N m s ) for the penguin contributions. Therefore, it is conceivable that the annihilation contribution could be sizable and significant.
III. NONFACTORIZBALE EFFECTS IN PENGUIN AMPLITUDES
We next proceed to compute the nonfactorizable effects in the QCD-improved factorization approach. For simplicity we will neglect the light quark masses. In the chiral limit, kaon is massless, but the φ meson has a finite mass. We consider the vertex corrections and hard spectator interactions depicted in Fig. 1 as well as the annihilation diagrams shown in Fig. 2 . Recently we have analyzed B → J/ψK decays within the framework of QCD factorization [9] . The study of B → φK is quite similar to the J/ψK mode except for the absence of weak annihilations in the latter. The reader is referred to [9] for details. The resultant amplitudes are
2) 
and
In Eq. (3.2), the upper entry of the matrix is evaluated in the naive dimension regularization (NDR) scheme and the lower entry in the 't Hooft-Veltman (HV) renormalization scheme,
where Φ φ (ξ) is the light-cone distribution amplitude (LCDA) of the φ meson, which will be discussed shortly. The nonfactorizable annihilation contributions A 1,2 nf and the factorizable annihilation amplitude A f will also be elucidated on below.
Note that the effective parameters a i appearing in Eqs. (3.2) and (3.3) are renormalization scale and γ 5 -scheme independent. Since only one gluon exchange has been considered in the annihilation diagrams (see Fig. 2 ), one may wonder the scale and scheme dependence of the annihilation amplitude given in Eq. (3.1). Fortunately, as we shall see below, the annihilation contribution is predominated by the penguin effects characterized by the parameters a 6 and a 8 . Consequently, the annihilation amplitude is essentially scale and scheme independent.
The hard scattering kernel f I in Eq. (3.2) reads though such corrections are very small. In the m φ → 0 limit, f I has the same expression as that in B → ππ decay [10] , as it should be. The hard scattering kernel f II arises from the hard spectator diagrams Figs. 1e and 1f and has the form [9] f II = 4π
is proportional to the quark condensate, the B meson wave function Φ B 1 is defined by [10] 
and Φ K σ is a twist-3 kaon LCDA defined in the tensor matrix element [12] :
Since asymptotically φ K σ (η) = 6η(1 −η), the logarithmic divergence of theη integral in Eq. (3.6) implies that the spectator interaction is dominated by soft gluon exchanges between the * Eq. (3.5) can be obtained from Eq. (19) of [11] or from Eqs. (2.22) and (2.23) of [9] by neglecting the ξ 2 terms arising from the transverse wave function Φ φ ⊥ and applying the relation
spectator quark and the strange or anti-strange quark of φ. Hence, factorization breaks down at twist-3 order. Following [13] , we treat the divergent integral as an unknown parameter and write
with r being a complex random number. Therefore, although the scattering kernel induced from the twist-3 LCDA of the kaon is formally power suppressed in the heavy quark limit, it is chirally enhanced by a factor of (2µ χ /Λ QCD ) ∼ 12, logarithmically enhanced by the infrared logarithms. Finally, we wish to remark that the leading-twist LCDAs of the φ meson are given by [14] 
where ε * is the polarization vector of φ, ξ is the light-cone momentum fraction of the strange quark in φ, f φ and f T φ are vector and tensor decay constants, respectively, but the latter is scale dependent. Although Φ φ and Φ φ ⊥ have the same asymptotic form, it is found that the transverse DA does not contribute to f I and f II if light quarks are massless. The contribution of Φ φ ⊥ to vertex corrections is suppressed by a factor of m φ /m B and hence can be neglected.
IV. ANNIHILATION AMPLITUDES
As shown in [10] , the annihilation amplitude is formally power suppressed by order Λ QCD /m b . Nevertheless, it has been stressed in the PQCD approach that annihilation contributions in hadronic charmless B decays are not negligible [15] . There are four weak annihilation diagrams as depicted in Fig. 2 where
and we have applied the approximation ρ ≈ 1 andρ = 1 − ρ ≈ 0. In Eq. (4.1) the first term in brackets comes from Fig. 2d , while the second term from Fig. 2c . Since the soft phase of annihilation diagrams is most likely not the same as that of the spectator diagram, we write
where the phase is characterized by the complex parameter r ′ .
For (V − A)(V + A) operators O 5 − O 8 , the twist-2 kaon DA makes no contribution. Therefore, we need to consider the twist-3 kaon LCDAs Φ K p and Φ K σ with the latter being defined in the pseudoscalar matrix element [12] :
The factorizable annihilation amplitude has the result:
where we have applied the LCDAs Φ φ (ξ) = 6ξ(1 −ξ) and Φ K p (η) = 1. Likewise, the nonfactorizable annihilations induced by the penguin operators O 5 and O 7 read
where the dominated first term in brackets stems from Fig. 2d . Note that we have introduced a cutoff Λ QCD /m B to regulate the infrared divergence occurred in the second term. Although the annihilation amplitudes A f and A 2 nf are formally of order (Λ QCD /m b ) 2 , they receive two large enhancements: one from the chiral enhancement (2µ χ /Λ QCD ) ∼ 12 and the other from the logarithmic endpoint divergence of the infrared divergent integral Y ′ . Consequently, the annihilation effects can be sizable. Physically, this is because the penguin-induced annihilation contributions are not subject to helicity suppression.
V. RESULTS AND DISCUSSIONS
To proceed for numerical calculations, we employ the meson LCDAs as follows: [8] , while it is 0.37 in a QCD sum rule calculation [17] .
For the parameters r in (3.10) and r ′ in (4.3), in principle they may be complex due to final-state soft rescattering. In [13] , r or r ′ is chosen randomly inside a circle in the complex plane of radius 3 ("realistic") or 6 ("conservative"). We find that the decay rate is insensitive to r, the parameter characterizing the twist-3 correction to the kernel f II . For purposes of illustration, we fix r = 4 exp(i20 • ), which seems to be a reasonable choice.
Writing r ′ = |r ′ | exp(iδ), the branching ratio vs. the phase δ is plotted in Fig. 3 . Let θ be the phase of the annihilation amplitude. For 3 ≤ |r ′ | ≤ 6, we find that δ < ∼ 65 • corresponds θ < ∼ 90
• so that the annihilation contribution is constructive. In the absence of annihilation effects, the branching ratios are 
VI. CONCLUSIONS
We have analyzed the decay B → φK within the framework of QCD-improved factorization and taken into account some of power-suppressed corrections. Our conclusions are:
1. Although the twist-3 kaon distribution amplitude dominates the spectator interactions, it will suppress the decay rates of B → φK by about 10%. In the absence of annihilation contributions, the branching ratio is of order 4.5 × 10 −6 .
2. The weak annihilation diagrams induced by (V − A)(V + A) penguin operators, which are formally power-suppressed by order (Λ QCD /m b ) 2 , are chirally and especially logarithmically enhanced. Therefore, these annihilation contributions are not subject to helicity suppression and can be sizable. 
